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Measurements of magneto-thermopower (S(H, T)) of interfacial delta doped LaTiO3/SrTiO3
(LTO/STO) heterostructure by an iso-structural antiferromagnetic perovskite LaCrO3 are reported.
The thermoelectric power of the pure LTO/STO interface at 300 K is ≈ 118 µV/K, but increases dra-
matically on δ-doping. The observed linear temperature dependence of S(T) over the temperature
range 100 K to 300 K is in agreement with the theory of diffusion thermopower of a two-dimensional
electron gas. The S(T) displays a distinct enhancement in the temperature range (T < 100 K) where
the sheet resistance shows a Kondo-type minimum. We attributed this maximum in S(T) to Kondo
scattering of conduction electron by localized impurity spins at the interface. The suppression of S
by a magnetic field, and the isotropic nature of the suppression in out-of-plane and in-plane field
geometries further strengthen the Kondo model based interpretation of S(H, T).
The interface formed at the surface of TiO2 layer ter-
minated SrTiO3 (STO) crystals and a few unit cells
(uc) thick epitaxial overlayers of LaTiO3 (LTO) and
LaAlO3 (LAO) has been established to show exotic elec-
tronic phases that include superconductivity and ferro-
magnetism [1–8]. The electronic transport through the
interfacial two-dimensional electron gas (2DEG), even in
the absence of such collective phenomena, has novel fea-
tures driven by anisotropy, a broken inversion symmetry
(BIS) and localized moments at Ti3+ ion sites [10, 11, 15].
The BIS leads to a strong Rashba spin-orbit (S-O) in-
teraction [12] and the attendant weak antilocalization
(WAL) [13], where as the Ti3+ ions with 3d1 configura-
tion create localized S = 1/2 spins that lead to s-d scat-
tering, conduction electron mediated coupling of spins
and even a robust Kondo-like [14] higher order scatter-
ing [6, 15, 16]. The strength of some of these features,
however, depends strongly on the conditions employed
for growth of LAO and LTO overlayers. Films grown
in oxygen rich environment (pO2 > 10
−4 mbar) tend to
have a less steeper metallic sheet resistance (R(T)), a
well defined minimum (Tm) in R in the temperature
range of 10 to 50 K, and a ln T growth of R at T < Tm
followed by saturation at still lower temperatures [17, 18].
These films also show a large positive magnetoresistance
(MR) [11]. Such features in R(T) are ubiquitous signa-
tures of Kondo scattering in noble metals like Cu and Au
doped with small amounts of 3d transition metals such as
Mn, Fe or Co [19–21]. Indeed, the Kondo scattering was
agreed to be the source of the resistivity minimum seen
in LAO/STO interface by Brinkman et al. [6], although
they did not pinpoint the magnetic scatterer. A Kondo
like resistivity has also been seen by Lee et al. [22] in
the 2DEG induced at STO surface by electrolytic gating.
These authors have argued that the localized Ti3+ d-
electron, acting individually or collectively as a polaronic
entity Kondo-scatter the conduction electrons, leading to
the resistivity minimum. Recent electronic structure cal-
culation and spectroscopic investigation attribute the lo-
calized moments to oxygen vacancies in the STO near
the interface, which trigger Ti (d0) to Ti (d1) conversion
and the formation of localized moments [23]. However, it
should be noticed that the features seen in R(T) alone
are not sufficient to establish unambiguously the pres-
ence of Kondo scattering, as such features can also arise
from quantum correction to conductivity of a 2D electron
system [13, 24]. One clear attribute of Kondo scattering
is a giant thermoelectric power (S) and electronic specific
heat [25], which emanates from a sharply varying energy
derivation of the density of states at the Fermi sea due
to the formation of Kondo resonance. The Kondo contri-
bution to thermopower as calculated by J. Kondo [26] is
independent of temperature and magnetic impurity con-
centration in the paramagnetic regime. At low tempera-
ture, where the energy scale KBT becomes less than the
Zeeman splitting of impurity spins, the S(T) tends to
zero as 1/T. A generalized form of Kondo contribution
to S(T) is;
S(T ) = Λ
(
kB/e
)
T/(T + T0) (1)
where kB/e = 86 µV/K and T0 ∼ TK , the Kondo tem-
perature below which the impurity spin is completely
screened by conduction electrons extended over a radius
of ∼ hvF /kBT, where vF is the Fermi velocity. However,
experiments on dilute alloys shows a peak in TEP near
the Kondo temperature and its temperature dependence
can be evaluated using the Nordheim-Gorter rule which
weights the contribution of different scattering mecha-
nisms over a wide temperature scale to the total diffu-
sion thermopower [27]. In Kondo systems, the entropy
carried by the spin degree of freedom is expected to be
suppressed by an external magnetic field, and therefore,
the S(T) should show magnetic field effects in the Kondo
regime. Some early measurements on gold alloys show
large suppression of thermopower by a magnetic field
[28, 29]. Clearly, measurements of thermopower and its
2magnetic field dependence in LAO/STO type 2DEG sys-
tem can provide important clue for the origin of resistiv-
ity minimum and magnetic correlations. Here we report
measurements of S(T, H) over a broad range of temper-
ature (T) and magnetic field strength (H) in LTO/STO
2DEG system where a δ uc thick layer of LaCrO3 (LCO)
has been introduced at the interface. In agreement with
the earlier studies [16, 30, 31], the pure LCO/STO inter-
face remains insulating. However a conducting interface
is realized when m uc layers of LTO are deposited over the
δ uc LCO. Both m and δ have a critical range for metallic
interface. We observe a distinct enhancement in S(T) in
the temperature regime where a Kondo-like minimum in
R(T) is seen. This enhancement is accentuated further
by the presence of Cr3+ ions at the interface which also
make the R(T) minimum deeper. These observations
along with the fact that the S(T) is quenched strongly
by a magnetic field in the range of temperature where
R(T) shows the minimum, support the Kondo scatter-
ing picture of electronic transport in these interfaces.
The films are deposited using KrF eximer laser based
pulsed laser deposition (PLD) technique on TiO2 termi-
nated STO (001) single crystal substrates at 8000 C in
10−4 mbar oxygen pressure as described earlier in detail
[7, 16]. To realize a TiO2 terminated, defect-free STO
(001) surface, the substrates were treated with HF buffer
solution followed by annealing at 8000 C for an hour. The
laser was fired at a repetition rate of 1 Hz and a fluence
of 1.2 J/cm2 on polycrystalline LTO and LCO targets to
get a growth rate of 0.01 nm/s. The atomic and chemical
states of the interface have been examined using X-ray
reflectivity and cross sectional electron microcopy in con-
junction with electron energy loss spectroscopy (EELS)
[16]. Ag/Cr electrodes were deposited by thermal evap-
oration through a shadow mask. The S(T, H) measure-
ments were performed on three films - pure LTO/STO
and, 1 and 5 uc LCO doped LTO/STO heterostructures.
A home-made sample holder mounted on the commercial
sample puck (as sketched in Fig. 1(b)) of a physical prop-
erties measurement system (PPMS - Quantum Design)
equipped with 14 tesla (T ) superconducting magnet was
used for the measurements of S(T, H) [32]. The resistivity
and thermopower were measured over a broad tempera-
ture range from 5 K to 300 K and up to 13 T field applied
in the plane as well as out-of-plane of the interface. The
experimental setup has been calibrated by measuring the
thermopower of bismuth and YBa2Cu3O7 superconduct-
ing films. The vanishing S(T) of superconducting films
below TC and its strong magnetic field dependence [33]
are ideal to test the accuracy of the system.
In Fig. 1 we have shown the R vs T plots for LTO (25
uc)/LCO (δ-uc)/STO heterostructures; where δ = 0, 1
and 5 uc. All the samples show a metallic behavior upon
lowering the temperature from 300 K. However, at a cer-
tain temperature below 100 K, the sheet resistance goes
through a minimum followed by a ln T increase and fi-
FIG. 1: The temperature dependence of R for the LTO(25
uc)/LCO (δ-uc)/STO heterostructures where δ = 0, 1, 5 uc.
In the inset of the figure, we have plotted the temperature
(Tm) at which the minimum in R(T) is seen along with the
room temperature R as a function of LCO layer thickness.
(b) Sketch of the platform for measurements of S(T, H) in
the perpendicular (H⊥) and parallel (H‖) field geometry. The
setup is mounted on the DC resistivity puck of PPMS.
nally saturate at still lower temperatures. The minimum
in R(T) shifts towards higher temperature with the
increasing doping and the upturn become more promi-
nent. The relevant electronic processes that can produce
the observed upturn are: weak localization, 2D electron-
electron interaction and Kondo scattering. In our pre-
vious work [16], we have established through extensive
MR measurements that the Kondo effect combined with
a Rashba type spin-orbit scattering process can fully ex-
plain the temperature, field and angular dependence of
sheet resistance. Here it needs to be mentioned that the
Ti3+ ions with spin-charge polaronic character contribut-
ing to the less dispersed t2g bands [34] are on the STO
side of the interface. These presumably Kondo scatter
electrons in pure LTO/STO system. In the case of δ-
doped samples even Cr3+ (S = 3/2) can Kondo scatter
provided the antiferromagnetic order in LCO is broken
close to LCO/STO interface due to non-zero intermixing
as suggested by EELS and photoelectron spectroscopy
measurements [16, 30, 31]. Uncompensated Cr3+ spins
can also result from incomplete antiferromagnetic order
when odd number of LCO unit cells are deposited. In
any case, going by the literature on classical Kondo sys-
tems, a very dilute concentration of uncompensated spins
at the interface may influence transport significantly. In
the inset (b) of Fig. 1 we have plotted the temperature
Tm at which the minimum in R is seen along with the
value of R at room temperature as a function of δ-layer
thickness. At the higher doping level (δ > 5 uc) we al-
ways see a kink in R at a temperature slightly higher
than Tm
3feature has been reported earlier as well [35].
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FIG. 2: (a) Zero-field thermopower is shown as a function of
logarithmic temperature for δ = 0, 1 and 5 uc samples. The
solid lines are guide to the eye. Inset shows the voltage dif-
ference (∆V) between the ends of the sample as a function of
temperature gradient ∆T. (b) the same data of thermopower
are plotted in a linear temperature scale to highlight the T-
dependence of thermopower at the higher temperatures (≥
100 K). The solid lines are a fit to Eq. (3).
The zero-field thermopower of three samples (δ = 0, 1
and 5 uc), is shown in Fig. 2(a) in a logarithmic temper-
ature scale to highlight its behavior in the regime where
a minimum is seen in the R(T). The S(T) has been
calculated from the linear response regime of thermal
voltage vs temperature gradient curve as shown in the
inset of Fig. 2(a). The negative sign of the voltage in-
dicates electrons as the majority charge carriers in the
system, in consistency with the results of Hall measure-
ments [16, 36]. We notice a distinct broad maximum in
the magnitude of S(T) over the temperature range of the
resistance minimum. Also, there is a striking increase in
the overall magnitude of thermopower on δ-doping. At
still higher temperatures, the S(T) first drops and then
increases monotonically with temperature. To better un-
derstand the temperature dependence of thermopower
on approach to ambient temperature, we have replotted
these data on a linear temperature scale in Fig. 2(b).
A linear temperature dependence is unmistakable in the
temperature range of ∼ 100 K to 300 K.
To understand these data in a semi-quantitative man-
ner, we start with the Mott formula for diffusion ther-
mopower of disordered metal [37];
Sd =
π2
3
(
k2BT
e
){
1
n
∂n(ε)
∂ε
+
1
µ
∂µ(ε)
∂(ε)
}
εF
(2)
where n and µ are the carrier density and their mobil-
ity respectively. The energy derivative of the density of
states (N(ε)) near Fermi energy (εF ) depends on the di-
mensionality of the system; as for a low dimensional ma-
terial N(ε) has singularities at the specific values of en-
ergy. The N(ε) distribution is also affected by electron -
electron interaction effects at low temperatures and the
Kondo - type resonance introduced by localized magnetic
impurities. While the energy dependence of mobility can
be ignored in a highly disordered limit where the mean
free path is of the order of interatomic distance, in cleaner
samples one needs to consider the second term of Eq. (2)
as well.
For a 2DEG in the absence of Kondo resonance, the
diffusion thermopower can be expressed as [37];
Sd =
π2k2B
3e
T
εF
(p− 1) (3)
where the parameter p(ε) takes into account the energy
dependence of the electron scattering time due to all
scattering mechanism using Matthissen’s rule [37]. In
the case of a 2DEG confined in the z-direction by inter-
faces, the interface scattering contribution is added to
p(ε). The solid lines in Fig. 2(b) are fits to Eq. (3).
Here the Fermi energy of the three samples has been cal-
culated from the measured carrier concentration. Table I
lists the EF and p(ε) parameters extracted from the best
fits.
TABLE I: The values of sheet carrier density (n), Fermi
energy and the parameter p are listed for δ = 0, 1, 5 uc
samples.
Doping (uc) n(\cm
2) εF (meV) p
δ = 0 3 × 1014 712.8 10.55
δ = 1 5.3 × 1013 126.2 4.21
δ = 5 1.3 × 1012 3.1 1.14
In a magnetic system, this monotonic temperature de-
pendence expressed by Eq. (2) may be affected by the
Kondo contribution to thermopower at low temperatures,
which arises from the higher order s-d scattering pro-
cesses. At T < TK , where TK ∼ TF exp(-1/JN) and J is
the exchange constant between conduction electron spin
~Se and the impurity spin ~Si, the Kondo contribution to
thermopower is given by Eq. (1). It leads to a maximum
in diffusion thermopower in the vicinity of TK . However,
before we attribute the enhancement seen in Fig. 2(a) to
Kondo scattering, it is worthwhile to address the contri-
bution of phonons to thermopower. An enhancement in
thermopower is also expected from the momentum trans-
ferred to charge carriers by phonons drifting along the
temperature gradient. The phonon drag thermopower
can be expressed as Sph ∼ BTq, where B is phonon mean
free path and the exponent q takes positive values [38]. A
relatively simple calculation of phonon drag thermopower
under the assumption that phonon-phonon collisions are
few yields Sph = C/3ne, where C is the lattice specific
heat per unit volume and n the carrier concentration.
The Sph is expected to peak at the temperature close to
4one fifth of the Debye temperature (TD ≈ 400 K) for
pure STO. Since the 2D gas is in the STO side of the
interface, we expect the number density of phonons to
be decided by the STO substrate.
In order to establish whether the peak in S(T) is due
to phonon drag or Kondo scattering, we have measured
the thermopower as a function of magnetic field in the
temperature range of the peak. It is expected that in the
regime of Kondo cloud formation by conduction electrons
to screen the non-interacting impurity spins, electrons
while going from one cloud to the next having oppositely
oriented impurity spin will transport spin entropy and
hence contribute to thermopower. An external magnetic
field tends to promotes ordering of impurity spins and
hence is expected to reduce the S(T, H) [39, 40].
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FIG. 3: (a)-(c) show the magnetic field dependence of ther-
mopower for δ = 0, 1 and 5 uc samples at various temper-
atures. Maximum drop in S is observed in the vicinity of
the temperature where a minimum in R is seen. The ther-
mopower shows negligible field dependnce above 100 K (not
shown in figure). The solid orange curve for 50 K data in all
the figures is a fit using A + BH2.
In Fig. 3 (a, b, c) we present the magnetothermopower
defined as S(H)−S(0)
S(0) in percentage for δ = 0, 1 and 5
uc samples at several temperatures. The external mag-
netic field in this case was applied perpendicular to the
plane of the sample (H⊥). A comparison of these data
and the behavior of R(T) makes it clear that |S(H)|
is strongly suppressed in the vicinity of the temperature
where R(T) goes through a minimum. The reduction in
thermopower is as high as 20% in a 13 T field. The shape
of the ∆S(H) vs H curves also indicates that the change
is steeper at intermediate fields followed by a tendency
for saturation at higher fields, which has been seen ear-
lier also in Kondo systems and magnetic alloys [28, 29].
This is indicative of a field induced ordering of spins in
the system and consequent suppression of spin entropy
transport.
Weiner and Beal-Monod have given a rigorous calcula-
tion of thermopower of Kondo alloys in the frame work
of s-d scattering [41]. The relevant energy scales in the
problem are kBT and gµBH. In the regime of low field
(gµBH / kBT < 1), they predict ∆S(H)/S(0) ∼ M
2 ∼
H2, while at high field (gµBH / kBT > 1), ∆S(H)/S(0)
∼ 1/H.
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FIG. 4: (a) and (b) show a comparison between the H⊥ and
H‖ magnetothermopower at 20 K for δ = 0 and 1 uc sam-
ples respectively. The field direction independence of S(H, T)
supports the Kondo picture of electronic transport in such
heterostructures.
Although in our case the condition gµBH < KBT is
satisfied when H< 3.7, 7.4 and 14.9 T at T = 5, 10 and 20
K respectively, the saturation tendency of impurity spin
magnetization will certainly lead a less steeper change in
S at the higher fields, which is seen in Fig. 3(a-c).
It should be pointed out that the magnetothermopower
of a Kondo system is expected to be isotropic in field di-
rection. To verify this aspect of the S(H), we have also
measured the thermopower in a configuration where the
magnetic field is in the plane of the interface (H‖) and
along the direction of temperature gradient. The results
of these measurements for δ = 0 and 1 uc samples at 20 K
are shown in Fig. 4(a) and (b) respectively. Here we also
show, for comparison, the S(H) data taken in H⊥ configu-
ration. Interestingly, the behavior of S(H) for H⊥ and H‖
is similar. While this observation is consistent with the
Kondo picture, it needs to be pointed out that the mag-
netoresistance of these interfaces show strong anisotropy
in H⊥ and H‖ configuration [16]. The MR for H⊥ is
positive and goes as ≈ H2, suggesting enhanced classical
scattering of conduction electrons as they go into the cy-
clotron orbit. The MR for H‖ is comparatively much
smaller and negative in sign, in consistency with the
Kondo scattering mechanism. While this higher order
s-d scattering process will also contribute to the MR in
H⊥ geometry, its magnitude is much smaller than the MR
from orbital scattering. The relatively isotropic magneto-
thermopower seen in these systems suggest that the en-
ergy derivative of mobility (Eq. (1)) makes negligible
contribution to thermopower as compared to the term
which involves the density of states, and the influence of
magnetic field on DOS is nontrivial.
In summary, we have carried out detailed measure-
ments of thermoelectric power and its magnetic field
5dependence in LTO/STO 2DEG samples where the in-
terface has been selectively modified by inserting a few
monolayers of LCO. The S(T) in these systems is large
and negative, with a distinct enhancement in the tem-
perature range of 10 K ∼ 50 K, where the R(T) goes
through a minimum. The thermopower in this range
of temperature is suppressed significantly (≤ 20%) by a
moderate magnetic field (≤ 13 T ) applied either normal
or parallel to the plane of the interface. These features
of magnetothermopower strongly suggest Kondo scatter-
ing of charge carriers by localized magnetic moments in
this system. It is also established that the S(T) at higher
temperatures follows the theory for a two-dimensional
conductor.
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